We report on imaging subsurface grain microstructure using picosecond ultrasonics. This approach relies on elastic anisotropy of crystalline materials where ultrasonic velocity depends on propagation direction relative to the crystal axes. Picosecond duration ultrasonic pulses are generated and detected using ultrashort light pulses. In materials that are transparent or semitransparent to the probe wavelength, the probe monitors gigahertz frequency Brillouin oscillations. The frequency of these oscillations is related to the ultrasonic velocity and the optical index of refraction. Ultrasonic waves propagating across a grain boundary experience a change in velocity due to a change in crystallographic orientation relative to the ultrasonic propagation direction. This change in velocity is manifested as a change in the Brillouin oscillation frequency. Using the ultrasonic propagation velocity, the depth of the interface can be determined from the location in time of the transition in oscillation frequency. A subsurface image of the grain boundary is obtained by scanning the beam along the surface. We demonstrate this subsurface imaging capability using a polycrystalline UO 2 sample. Cross section liftout analysis of the grain boundary using electron microscopy was used to verify our imaging results.
Introduction
Grain boundaries serve an important role in defining the physical properties of ceramic materials used in the energy industry [1] . For example, ion transport in solid oxide fuels is affected by atomic segregation at grain boundaries [2] . Grain boundaries can also significantly impact thermal transport in materials used for thermal management as well as high burnup nuclear fuels [3e6]. In addition mechanical properties of energy materials are often influenced by the diffusion of atoms in high stress and high temperature environments [7, 8] . Grain boundaries, under these extreme conditions can act as barriers or provide a pathway for atomic diffusion [9, 10] . Many of the above mentioned phenomena are strongly influenced by the local environment around grain boundaries [11] .
A central complexity in understanding these fundamental mechanisms is that grain boundary character evolves with time. In this regard, grain boundaries attract impurities and other defects that have further implications on determining material behavior [12] . Additionally the boundaries themselves undergo motion under external stimuli such as mechanical deformation, radiation and high temperatures [7, 13] . Grain boundary motion and the associated change in crystal misorientation across the boundary can significantly influence transport and mechanical properties [14, 15] . To better understand the evolution of boundary structure under external stimuli, there is a need for new experimental techniques that can be used to investigate them nondestructively [16] .
Currently the majority of grain boundary evolution studies have been limited to imaging the boundary line on the surface [17, 18] . For these investigations, typically a bicrystal is subjected to deformation and the motion of the boundary on the free surface is visualized using scanning electron microscopy (SEM). This observation mode can be influenced by surface effects and may not accurately represent the behavior of the boundary in the bulk. Thus availability of techniques providing three-dimensional (3D) structural information is important for understanding bulk behavior. Methods based on advanced X-ray synchrotron sources are able to provide volumetric grain microstructure [19, 20] . However, limited availability of synchrotron sources prevents wide spread application of X-ray approaches. A focused ion beam instrument combined with electron backscattering diffraction can be used to obtain a 3D image of the grain boundary structure. This approach involves reconstruction of the 3D structure from a series of 2D crystallographic orientation images obtained after repetitive removal of thin layers using focused ion beam milling [21e23]. Destructive serial sectioning makes this approach not suitable for in-situ measurements. Recently it has been shown that grain inclination with respect to the free surface can be extracted from analysis of the diffraction pattern obtained from the area above the grain boundary. However, the depth resolution of this approach is limited to the penetration depth of electrons [24] .
Here we report on an alternative approach, based on picosecond ultrasonics, which is used to visualize depth resolved grain microstructure. This approach has been used previously for depth profiling of elastic inhomogeneities in transparent materials [25, 26] . The emphasis here is on mapping the location of a grain boundary below the surface by monitoring changes in ultrasonic velocity caused by a change in crystallographic orientation. We demonstrate this approach using uranium dioxide (UO 2 ), an important energy material broadly used in the nuclear energy industry as well as having promising applications in the solar energy industry [27, 28] .
Picosecond ultrasonics and Brillouin oscillations
For our application picosecond duration ultrasonic pulses propagating normal to the surface are generated by irradiating UO 2 sample with an ultrashort laser pulse (pump) having above bandgap photon energy. Both thermal expansion and deformation potential mechanisms are responsible for ultrasonic generation. Strong optical absorption ensures generation of short duration ultrasonic pulses [29] . A time delayed probe pulse tuned to a photon energy that is below the bandgap is used to detect the ultrasonic pulses as they propagate into the sample [30] . In materials that are transparent or semitransparent to the probe wavelength, the probe monitors GHz Brillouin oscillations. The origin of these oscillations comes from interference between two components of the reflected probe pulse as illustrated in Fig. 1 . The first is from the reflection off the free surface of the sample and the second is due to photoelastic coupling with the propagating ultrasonic wave. The frequency of the oscillations (f) depends on the probe wavelength (l), the index of refraction at the probe wavelength (n) and the ultrasonic velocity in a direction normal to the surface (n) [30] :
Detection sensitivity is based on the photoelastic effect, where the strain associated with the acoustic wave modifies dielectric properties. It is known that photoelastic coupling is especially pronounced when the energy of the probe is comparable to the semiconducting gap of the material. The bandgap of UO 2 is~2.2 eV [36] . Accordingly we tune our probe and pump photon energies to be 1.5 eV (800 nm) and 3 eV (400 nm) respectively. For this combination, the pump is strongly absorbed by the sample and the probe beam is able to penetrate into the sample several tens of microns [38] . A similar approach has been extensively used to observe Brillouin oscillations in GaAs and was implemented to characterize defects in ion irradiated GaAs [31] .
The emphasis here is to utilize elastic anisotropy to image subsurface grain microstructure. UO 2 exhibits moderate elastic anisotropy which makes it a good system for demonstration of volumetric imaging of grain boundary structure. In an elastically anisotropic material, the velocity of ultrasonic wave depends on the direction of propagation with respect to its crystallographic axes [39] . As a result, the frequency of Brillouin oscillations depends on the grain orientation. The maximum depth resolution of this approach, using our simple 1D analysis, is related to acoustic diffraction and ultimately limited by optical absorption of the probe beam. In the very near field of the acoustic source, acoustic diffraction can safely be neglected [40] . This region is defined by the lateral dimensions of the source and for the case considered here interference pattern whose period and frequency is proportional to ultrasonic velocity and index of refraction of probe beam in the material. This interference pattern is observed in time resolved reflectivity change of the probe beam. In the actual experiment, the probe is at normal incidence to the surface, here it is shown at angle to emphasize two reflections. Cartesian coordinate system used to calculate the velocity based on ultrasonic wave equation is defined with respect to the grain's crystallographic orientation.
(spot size~2 mm) the maximum probe depth is approximately 10 mm.
Calculation of ultrasonic velocity in single crystals
Propagation of an ultrasonic wave is described by the elastic wave equation:
where r is density, u i is displacement in x i direction, and C ijkl is elastic stiffness tensor. The elastic stiffness tensor C ijkl for a cubic anisotropic system in a coordinate system aligned with crystal's principle axis can be conveniently represented as 6Â6 matrix:
where 1 / 11, 2 / 22, 3 / 33, 4 / 23, 5 / 13, and 6 / 12 convention for relating n and m to ij and kl in C nm and C ijkl , respectively, is implemented. Here we adopted a coordinate system defined with respect to a grain orientation, rather than frame fixed to a laboratory frame. To determine the velocity of ultrasonic wave along a direction given by vector ðh i ; h j ; h k Þ, we consider a plane wave of the form u k ¼ U k e iuðhjxj=V ÀtÞ , where V is ultrasonic velocity, U k is displacement amplitude of the wave along direction x i . Inserting latter into Eq. (2), we arrive at eigenvalue problem:
This eigenvalue problem has three solutions (one quasilongitudinal and two quasi-shear waves). The analysis outlined above can be conveniently applied to determine the velocity of the ultrasonic wave propagating normal to the surface, assuming that crystallographic orientation of the grain with respect to the surface is available from a different measurement approach. Alternatively one can invert the problem to determine grain's orientation if all 3 different velocities are known. The elastic anisotropy of cubic materials is conveniently represented by the Zener anisotropy ratio a r ¼ 2C 44 =ðC 11 À C 12 Þ. Using literature values for elastic constants C 11 ¼ 389 MPa, C 12 ¼ 119 MPa and C 44 ¼ 59.7 MPa, we find a r ¼ 0.44 in UO 2 [32] .
Sample fabrication, preparation and characterization
A sintered polycrystalline depleted UO 2 sample was used in this work. The sample was derived from an as-sintered pellet measuring 5.2 mm in diameter and 4.3 mm in height, and about 95% theoretical density. The O/U ratio of the pellet was fixed at 2 by cooling the pellet at Ar-6%H after sintering [41] . The grain size for the samples was increased from 5 mm to 50 mm by annealing at 2200 C under Ar-6%H environment. The final sample was obtained by slicing off a 1 mm thick segment and polishing one side to a mirror finish [33] .
A dual-beam FEI 3D Quanta focused ion beam (FIB)-scanning electron microscope (SEM) was used to identify and subsequently characterize the grain boundary of interest. First a SEM was used to map the location of the grains on the surface. Then a focused ion beam was used to pattern platinum fiducial marks around the grain boundary of interest. The picosecond ultrasonics setup employed in this study uses an optical camera to image the sample surface through the same objective used to focus the pump and probe beams. The fiducial marks are optically visible and are used to locate the boundary of interest. Then Electron Back Scattering Diffraction (EBSD) was used to determine the orientation of grains surrounding the boundary. After the picosecond acoustic measurements were complete, the FIB was used to lift out a lamellae perpendicular to grain boundary line and the surface normal, to reveal the depth resolved cross section of the grain boundary.
Picosecond ultrasonics setup
Our picosecond ultrasonics setup utilizes an ultrafast Tisapphire laser oscillator (Coherent-Mira). The laser system is operated at 800 nm, has a pulse duration of approximately~1 ps, a repetition rate of 76 MHz and a pulse energy of~0.1 nJ. The 400 nm pump beam is produced by focusing the output of the oscillator onto a beta barium borate (BBO) optical nonlinear crystal. The pump and 800 nm probe beam are separated using a dichroic mirror placed after the BBO crystal. The pump beam is modulated at 1 MHz using an acousto-optic modulator (Gooch & Housego). Lockin detection (Stanford Research SRS844) is employed to measure small changes in optical reflectivity of the probe beam associated with the propagating ultrasonic wave. The delay of the pump beam relative to the probe beam is achieved using a mechanical delay line (Newport) placed in the pump leg. Both beams are focused through the same 50Â objective and directed at normal incidence angle on the polished surface of the sample [34] . The UO 2 sample was mounted on a linear stage. Translation of the linear stage was used to record picosecond acoustic signals at different locations along the surface of the sample [35] .
Results
An SEM micrograph of the grain boundary region examined using picosecond acoustic is shown in Fig. 2(a) . A corresponding EBSD image of the same region is shown in Fig. 2(b) . Platinum fiducial marks outlining the approximate position of grain boundary line are clearly visible in the SEM micrograph and were used for positioning the pump and probe beams for optical measurement. The EBSD data confirms the existence of two grains with different orientations. Note that the quality of the image was affected by residue left from patterning the platinum fiducial marks. Fig. 3 shows a typical transient reflectivity signal. The sudden change in reflectivity at t ¼ 0 is due to ultrafast electron heating followed by a slow decay of the background due to thermal diffusion. High frequency Brillouin oscillations are superimposed on top of this electronic/thermal background. A 3rd order polynomial was used to fit the response (solid line in Fig. 3) , and subtracted to isolate Brillouin oscillations. Next, we demonstrate how the anisotropic elastic properties manifest themselves when picosecond ultrasonics is applied to a point inside a grain far removed from a boundary. Fig. 4 shows Brillouin oscillation observed from two regions (denoted A and B), each corresponding to a different grain. Both sets of Brillouin oscillations can be described by a damped sine wave sinð2pft À 4ÞexpðÀt=tÞ, where f is the oscillation frequency, t is the pump/probe time delay, 4 is the phase offset and t is the decay time constant. The best fit to the data (solid lines) is also shown in Fig. 4 . Fourier transforms of the corresponding Brillouin oscillations are shown in Fig. 5 . The measured frequencies for regions A and B are f A ¼ 31.6 GHz (red) and f B ¼ 30.5 GHz (blue).
Using Eq. (1) and n ¼ 2.28 for UO 2 at l ¼ 800 nm [36] we calculate In the next step, we interrogate the region between the two grains, i.e. near the grain boundary. Fig. 6 shows the Brillouin oscillations recorded at several different spots along the line that intersects the boundary line at 90 (see Fig. 2(a) ). Sufficiently away from the interface on both sides of the interface at positions s 1 ¼ 5 mm and s 6 ¼ 14 mm, the oscillations can be described by a single frequency. The situation is different for positions in the close vicinity of the boundary as can be seen in Fig. 7 . The oscillation recorded at position s 3 ¼ 10 mm cannot be fitted with a single frequency sine wave (red line becoming dashed). A best fit is obtained when the waveform is divided in two sections. The first is represented by oscillations at frequency f A (red line) and the second at loss of energy caused by acoustic reflection at the interface. The orientation of the subsurface boundary relative to the free surface can be estimated if we assume that our probe spot size is infinitesimally small. Using the measured ultrasonic longitudinal velocity, the depth below the surface at which the ultrasonic wave propagates across the grain boundary is calculated to be
Best fit data is compared with several sets of experimental Brillouin oscillations in Fig. 6 . Red lines represent a section of oscillations corresponding to grain A and blue lines correspond to grain B. The result of this analysis is used to reconstruct the subsurface grain boundary in the right pane of Fig. 6 . For s s 1 , we only observe oscillations corresponding to grain A across the visible depth. In the other limit s ! s 5 , only grain B is detected. In the intermediate range between s 2 s s 4 , both grains A and B are observed. Two depth values closest to the free surface at s 3 and s 4 are used to determine the tilt of the grain boundary relative to the surface normal to be q ¼ 29 .
To verify our observations we performed cross sectional analysis of the grain boundary using Transmission EBSD. A FIB was used to lift out a lamellae perpendicular to the grain boundary line on the surface, corresponding to the cross section of the region studied. Fig. 8(a) shows the trench resulting from the lift-out. A projection corrected version of the data in Fig. 8(a) , shown in Fig. 8(b) , is used to determine the grain boundary tilt relative to the surface normal.
The value measured using the FIB liftout, q ¼ 24 , is in reasonable agreement with our Brillouin oscillation measurements. The EBDS image of the FIB lamella shown in Fig. 8(c) confirms the existence of two grains with distinct orientation.
The lift outs were limited to the depth of 2.7 mm, which can be considered a practical limit for FIB lift-out approach. It is important to note that the picosecond ultrasonic approach can image grain structure below this limit nondestructively. In fact the ultrasonic data at depth of 5.2 mm indicates that the grain boundary begins to curve towards the plane of the free surface, which would explain a discrepancy between angles obtained from picosecond acoustics and FIB lift-out analysis.
Conclusions
The results presented above demonstrate the capability of picosecond ultrasonics to nondestructively provide volumetric information regarding grain boundary structure in polycrystalline UO 2 . By tuning the wavelength of the pump and probe this approach could be extended to a larger group of semiconducting materials. Also by coating a thin metallic film on the surface this approach could be extended to transparent materials [42] . While current implementation involved a single line scan, future work involving raster scanning can be used to more completely define subsurface grain boundary structure. A more comprehensive analysis, including the consequences of acoustic diffraction, the finite size of the probe beam and spreading of the probe beam with depth, must be considered before we can correctly define resolution limits. However, using our simplified analysis, we estimate the lateral resolution to be on the order of 500 nm and the maximum probe depth to be on the order of 10 mm. While these values are at least on order of magnitude larger than that of SEM based EBSD method, this approach does not require serial sectioning to see below the surface of the material and offers to provide volumetric information over larger area than accessible using FIB liftout for depth resolved analysis. Capabilities of the picosecond acoustic can be further expanded by taking into consideration recent reports where the structure of interface resulted in additional modifications to the Brillouin oscillations, [31, 37] such as modulation in amplitude and emergence of a phase lag upon propagation through a distinct layer. We speculate that these effects can be leveraged to study impurity segregation at grain boundaries using picosecond ultrasonics.
